Background/Aims: As shown in the China Health and Nutrition Survey, serum magnesium is associated with anemia. However, the roles of magnesium in anemia and erythropoietin (EPO) responsiveness remain unclear in maintenance hemodialysis (MHD) patients. This study aims to investigate the level of serum magnesium and its relationship with EPO responsiveness in MHD patients. Methods: A total of 307 MHD patients were recruited for this survey. Laboratory data and anthropometrics were collected. EPO responsiveness was evaluated by the erythropoietin resistance index (ERI). The subjects were divided into 3 groups according to serum magnesium concentrations (group A, the lowest tertile; group B, the middle tertiles; and group C, the highest tertile). Multivariate logistic regressions were conducted to evaluate the factors that may be associated with EPO responsiveness. Results: The mean serum magnesium level was significantly higher than normal levels in MHD patients, while no hypomagnesemia was observed. A multivariate logistic regression model revealed that high-sensitivity C-reactive protein, intact parathyroid hormone, serum albumin, and magnesium levels were correlated with a high ERI. The OR of a high ERI was found to be 2.57 (95% CI 1.330-4.975, p = 0.005) for group A and 1.66 (95% CI 0.878--3.140, p > 0.05) for group B compared with the OR for group C. Conclusion: Serum magnesium levels were higher than normal levels in MHD patients. A high serum magnesium level was correlated with good EPO responsiveness and was therefore suggested to be a protective factor for EPO hyporesponsiveness.
Introduction
Anemia is one of the most common complications that might seriously affect the quality of life in maintenance hemodialysis (MHD) patients. Anemia can increase the risk of complications of hypotension, heart failure, hospitalization rate, and mortality. The major cause of anemia is insufficient erythropoietin (EPO) levels in MHD patients. Unfortunately, a considerable proportion of end-stage renal disease patients exhibit a suboptimal hematologic response to EPO, as evidenced by the persistence of anemia despite adequate dosing or by the need for high-dose EPO therapy to achieve the recommended hemoglobin target. The definition of EPO hyporesponsiveness has been introduced to identify the inability to achieve or maintain target hemoglobin levels despite higher than usual doses of EPO. However, observational studies suggested that higher EPO doses were needed to achieve anemia correction associated with higher risks of all-cause mortality and cardiovascular events [1] [2] [3] [4] . Several risk factors for EPO hyporesponsiveness have been identified, including inadequate iron administration, inflammation, malnutrition, suboptimal dialysis, secondary hyperparathyroidism, and malignancy [5] .
Recent studies suggested that serum magnesium was associated with C-reactive protein [6] , intact parathyroid hormone (iPTH) [7] , and hemoglobin [6, 8] in MHD patients. However, the evidence to support the relationship between serum magnesium and EPO responsiveness is limited. Our study aims to investigate the serum magnesium level and its relationship with EPO responsiveness in MHD patients.
Materials and Methods

Participants
This study included all patients on MHD from December 2015 to March 2016 at the Department of Blood Purification, Beijing Chao-Yang Hospital, Capital Medical University. The inclusion criteria were as follows: (1) age > 18 years; (2) duration of dialysis > 3 months, in stable condition; and (3) use of arteriovenous fistula patients and volunteers to participate in this study. The exclusion criteria were as follows: (1) serious cardiacerebrovascular disease; (2) infectious diseases in nearly a month; (3) active liver diseases or advanced cancer; (4) recent blood transfusions or surgical procedures; (5) active bleeding or pure red cell aplasia; (6) nonuse EPO and (7) receiving phosphate chelators containing magnesium or laxatives containing magnesium.
All enrolled patients underwent hemodialysis 3 times per week and 4 h per dialysis. All patients were administered heparin anticoagulants and standard carbonate dialysis fluids; the dialysate flow was 500 mL/ min, and the blood flow rate was 200-350 mL/min. The dialysis liquid ingredients were as follows: sodium 138-140 mmol/L, potassium 2.0-2.5 mmol/L, calcium 1.25-1.5 mmol/L, and magnesium 0.5 mmol/L. All patients had KT/V > 1.3.
The study was performed conforming with the declaration of Helsinki and approved by the Ethics Committee of Beijing Chao-Yang Hospital, Capital Medical University. The written informed consent was obtained from each participant.
Data Collection
The recorded demographic data of the patients included sex, age, weight, dialysis vintage, primary kidney disease, EPO, and iron treatments. All laboratory values (the average observation period) included routine blood tests, blood biochemistry, serum iron, total iron binding capacity, serum ferritin, iPTH, and high-sensitivity C-reactive protein (Hs-CRP), which were measured by automated and standardized methods before hemodialysis. Blood samples were collected after overnight fasting. Serum magnesium was measured by the colorimetric method (Siemens medical diagnostic products Co., Ltd., Shanghai, China) and whose normal level was from 0.75 to 1.02 mmol/L.
Evaluation Index
All patients underwent recombinant human EPO injection (Yibiao, 4000 u , Shenyang Sunshine Pharmaceutical Co., LTD., China). The EPO responsiveness was evaluated by the erythropoietin resistance index (ERI). The ERI was calculated by dividing the weekly weight-adjusted (kg) dose of EPO (IU) by the hemoglobin level (g/dL). When the serum albumin level was < 4.0 g/dL, the serum calcium level was adjusted as follows: corrected serum calcium level (mmol/L) = measured serum calcium level (mmol/L) + (40 -serum albumin level [g/L]) × 0.02 mmol/L. Transferrin saturation (%) = serum iron/total iron binding capacity ×100%.
Grouping
All patients were divided into 2 groups by the median of the ERI as follows: low ERI group (ERI ≤11.52 IU/week (g/dL) -1 /kg) and high ERI group (ERI > 11.52 IU/week (g/dL) -1 /kg).
Statistical Analyses
The SPSS 17.0 statistics package for Windows was used for statistical analysis. Normally distributed continuous variables were expressed as the mean ± SD, and Student t tests were used for comparing the mean values of the data. Nonnormally distributed variables were shown as medians (P 25 , P 75 ), and comparisons between the 2 groups were analyzed by Mann-Whitney U tests. Categorical variables were expressed as the number and percentage for each item, and chi-square analysis was used. The comparison among > 2 groups was analyzed by one-way ANOVA (normally distributed continuous variables) or Kruskal-Wallis tests (nonnormally distributed variables). Multivariate logistic regression analysis was used for related factors of high ERI. p < 0.05 was considered statistically significant.
Results
Patient Characteristics
A total of 307 patients were involved in this research and were analyzed. The mean age was 59.7 ± 14.3 years, 52.8% of the patients were male, and the mean dialysis vintage was 99 ± 58 months. The primary diseases of the patients included chronic glomerulonephritis, 125 (40.7%); diabetic renal disease, 59 (19.2%); hypertensive-related nephropathy, 41 (13.4%); chronic interstitial nephritis, 25 (8.1%); and other diseases, 57 (18.6%).
In the investigated patients, the serum magnesium level ranged from 0.76 mmol/L to 1.65 mmol/L, and the mean serum magnesium level was 1.11 ± 0.13 mmol/L. We transformed the serum magnesium levels into a categorical variable that comprised 3 serum magnesium groups, which were defined according to the tertiles of the serum magnesium levels as follows: group A, ≤33.3th percentile (Mg ≤1.05 mmol/L, n = 105); group B, 33.4th-66.7th percentile (1.05< Mg < 1.16 mmol/L, n = 99); and group C, ≥66.7th percentile (Mg ≥1.16 mmol/L, n = 103). The demographic and laboratory characteristics of the 3 groups are shown in Table 1 .
The Related Factors of EPO Responsiveness
The ERI range of all patients was from (2.26 to 32.61) IU/week (g/dL) -1 /kg, and the mean ERI was (12.67 ± 6.17) IU/week (g/dL) -1 /kg. As shown in Table 2 , age, serum albumin, Hs-CRP, serum creatinine, iPTH, and magnesium groups were correlated with a high ERI according to the median ERI with univariate analysis. The index of transferrin saturation, serum ferritin, and the proportion of venous iron replacement therapy were similar in the 2 ERI groups (p > 0.05).
According to the multivariate logistic regression model using group C as the reference group (Table 3) , the ERI grouping as the dependent variable, and age, serum albumin, Hs-CRP, serum creatinine, iPTH, and magnesium groups as covariates, which were significantly different according to the univariate analysis, the OR of group A was 2.57 (95% CI 1.330-4.975, p = 0.005) and the OR of group B was 1.66 (95% CI 0.878-3.140, p = 0.119). Yu 
Discussion
In this study, we found that the serum magnesium level was significantly higher than the normal level in MHD patients, and none of the patients had hypomagnesemia, which were consistent with our previous research [8] . The regulation of serum magnesium relies mainly on the intake of intestinal and renal excretion [9] . In hemodialysis patients, where kidney function is abolished, serum magnesium levels are elevated and are higher than those in the healthy population. Because of the excretion of magnesium by regular hemodialysis (dialysis liquid magnesium is 0.5 mmol/L), fatal hypermagnesemia is rare in hemodialysis patients [10] .
Although EPO has been used in the clinic for many years and has greatly improved anemia, EPO hyporesponsiveness is still observed in some MHD patients. Several studies have demonstrated an association between EPO hyporesponsiveness and poor clinical outcomes, such as anemia, heart failure, and increased cardiovascular and all-cause mortality [11, 12] . The ERI is a sensitive evaluation index of EPO responsiveness and can predict composite events (CVD, infection, hospitalization, or death) [13] and all-cause mortality in MHD patients [14, 15] . Our study demonstrated that ERI values were from 2.26 to 32.61 IU/ week (g/dL) -1 /kg, and the mean ERI value was (12.67 ± 6.17) IU/week (g/dL) -1 /kg. These results are consistent with data reported by other studies [16, 17] .
The results of our study showed that a higher Hs-CRP and iPTH and/or a lower albumin level was associated with an increased risk of EPO hyporesponsiveness as established by the ERI, which were partly in line with the results reported by Mallick et al. [18] . Chronic inflammation produces cytokines, thus inhibiting erythropoiesis and shortening the lifespan of red Data are presented as mean ± SD, median (interquartile range), or number (percentage). * Significant difference among different serum magnesium groups, p < 0.05. Mg, magnesium; ERI, erythropoietin resistance index; CVD, cardiovascular disease; TSAT, transferrin saturation; sFerr, serum ferritin; Hs-CRP, high-sensitivity C-reactive protein; WBC, white blood count; N, neutrophilic granulocyte percentage; ALP, alkaline phosphatase; P, phosphorus; cCa, corrected serum calcium; iPTH, intact parathyroid hormone. blood cells [19, 20] . In patients with secondary hyperparathyroidism, parathyroid hormone can reduce the synthesis of endogenous EPO, inhibit the maturation of erythrocyte precursors, and shorten the erythrocyte lifespan by increasing the osmotic fragility of erythrocytes [21, 22] . Zhan et al. [23] demonstrated that there was an inverse association between serum magnesium and anemia in a large cohort of Chinese adults. However, similar studies in MHD patients are rare [8] . This study found that the risk of EPO hyporesponsiveness was 2.57 times greater in the lowest magnesium group compared with that in the highest magnesium group. However, the mechanism of the effect of serum magnesium on EPO responsiveness is unclear. Several lines of evidence indicate that serum magnesium may play a role in various ways. First, magnesium is the second most abundant intracellular cation after potassium and is a co-factor in > 300 enzymatic reactions involving energy metabolism, protein and nucleic acid synthesis, and the balance of membrane potential. Therefore, EPO responsiveness was improved by affecting the energy metabolism of erythrocytes and the synthesis of hemoglobin. Second, oxidative stress could induce EPO hyporesponsiveness in anemia during endstage renal disease [24] . Animal studies showed that magnesium deficiency led to the generation of reactive oxygen species by enhancing the recruitment of phagocytic cells [25] . Magnesium deficiency may increase intracellular Ca 2+ by activating the L-type calcium channel [26] and enhance the activation of the N-methyl-D-aspartate receptor [27] . Increased intracellular Ca 2+ , which is considered a signal to initiate the inflammatory process, induces the production of pro-inflammatory cytokines, such as tumor necrosis factor-α and interleukin-1β [28, 29] . Third, low magnesium levels rendered endothelial cells more susceptible to the detrimental effects of lipopolysaccharide. Lee et al. [30] demonstrated that higher serum magnesium levels may be associated with better endothelial function in MHD patients. Fourth, higher magnesium intake or serum magnesium improved insulin sensitivity [31] [32] [33] , which was associated with EPO responsiveness in MHD patients [34] . Finally, magnesium supplementation significantly increased serum albumin in chronic kidney disease patients [33] . Magnesium improved EPO responsiveness, which may be mediated partly by increasing serum albumin.
This study had several important limitations. First, as a single-center cross-sectional study, our data may not be representative of MHD patients in other countries. In addition, it was simple that the grouping according to the median ERI represented the degree of EPO responsiveness. Finally, the serum magnesium level represented only a single measurement, 
